The assessment of the toxicological properties of raw groundwater may be useful to predict the type and quality of tap water. Contaminants in groundwater are known to be able to affect the disinfection process, resulting in the formation of substances that are cytotoxic and/or genotoxic. Though the European directive (98/83/EC, which establishes maximum levels for contaminants in raw water (RW)) provides threshold levels for acute exposure to toxic compounds, the law does not take into account chronic exposure at low doses of pollutants present in complex mixture. The purpose of this study was to evaluate the cyto-and genotoxic load in the groundwater of two water treatment plants in Northern Italy. Water samples induced cytotoxic effects, mainly observed when human cells were treated with RW. Moreover, results indicated that the disinfection process reduced cell toxicity, independent of the biocidal used. The induction of genotoxic effects was found, in particular, when the micronucleus assay was carried out on raw groundwater. These results suggest that it is important to include bio-toxicological assays as additional parameters in water quality monitoring programs, as their use would allow the evaluation of the potential risk of groundwater for humans.
INTRODUCTION
A directive of the European Union (98/83/EC) regulates the quality of drinking water, and defines the microbiological and physical-chemical parameters to allow its use for humans. The promulgation of the directive became very useful, as both groundwater and surface water have been polluted in recent decades, mainly because of human activities.
The quality of surface water has been analyzed in several studies (Alves et to assess the presence of genotoxins in water environments (Lah et al. ; Marabini et al. ) . Among the available tests, the most used are the Ames test, which allows the Banath ) and the micronucleus assay, which mainly measures clastogenic and aneugenic effects (Fenech et al. ) . The assessment of raw water (RW) is interesting to predict the type and quality of tap water. In fact, several studies have shown that the formation of disinfection by-products (DBPs) is connected to the chemical and phys- The goal of this study was to identify a methodological approach to better evaluate the cyto-and genotoxic effects induced by groundwater. In addition to the compounds found through chemical and physical analysis, many unknown compounds are present in groundwater. Known and unknown toxic substances become the components of complex environmental mixtures that may induce side effects on human health. In fact, though the European directive (98/83/EC) establishes maximum levels for contaminants in RW (introducing threshold levels for acute exposure to toxic compounds), this does not take into account chronic low dose exposure to pollutants, generally present in complex mixtures. Consequently, water pollution may be a serious problem for public health and the aquatic ecosystem.
MATERIALS AND METHODS

Chemicals
Reagents for the biological assays and general laboratory chemicals were from Sigma-Aldrich (St Louis, MO, USA).
C18 cartridges (Sep-Pak Plus tC18 Environmental
Cartridges) were from Waters Chromatography (Milford, MA, USA).
Water sampling and concentration
Sampling of groundwater was performed at two water treatment plants from the same aquifer system of the same river basin in Northern Italy, which together serve 127,000 inhabitants. At these plants, the only treatment performed on waters is disinfection. Chlorine dioxide is used as a disinfectant for the first plant (Plant 1), while sodium hypochlorite is used in the second one (Plant 2). Fifty liters of water was sampled in spring and autumn of the same year in each plant before (RW) and after disinfection (disinfected water (DW)). According to the US EPA 525.2 method (US EPA ), the water samples were immediately taken to the laboratory, acidified with hydrochloric acid (pH 2-2.5), and filtered through tri-functional C18 cartridges.
Cartridge activation was performed with 40 mL of the fol- 
Salmonella typhimurium reversion test
The mutagenic effect of water samples was studied using S. typhimurium (strains TA 98 and TA 100) with or without microsomal activation (S9 liver extract of rats treated with Aroclor 1260) to detect direct and indirect mutagenic compounds (Maron & Ames ) . Positive controls were 2-aminofluorene (5 μg/plate) and hycanthone (25 μg/plate), while DMSO (80 μL/plate) was tested as a negative control.
The results of the Salmonella assay are reported as the mean of three replicates with their relative standard deviation. The results of the assay were considered positive if two consecutive dose levels or the highest non-toxic dose level produced a response at least twice that of the solvent control and at least two of these consecutive doses showed a dose-response relationship. For each sample tested, three concentrations of extract corresponding to 0.5, 1.0 and 2.0 L of water and for each concentration three independent replicates were performed (three repeated measurements of the sample that represent independent measures of the error associated with equipment). The revertants were counted after 48 hours of incubation at 37 W C. Cytotoxicity was detected by a clearing or diminution of the background lawn.
Micronucleus assay
The micronucleus assay was performed using blood samples from healthy donors who provided written, informed con- ture; the cells were then fixed twice in ice-cold acetic acid: methanol (10:1) solution. Pre-coded slides were cytocentrifuged, air dried and stained with May Grunwald-Giemsa.
Micronuclei were scored using a light microscope at 400× magnification (Surrallés et al. ) . In each slide, 1,000 binucleated lymphocytes were examined to discover the presence of micronuclei, and the micronuclei frequency was then calculated for each treatment. Cell-cycle parameters were evaluated by classifying the 500 cells according to the number of nuclei. The cytokinesis block proliferation index (CBPI) was calculated using the formula: 
Comet assay
For this assay, a whole blood sample from healthy volunteers (who provided written, informed consent for its use in the study) was centrifuged twice in an erylyse solution (155 mM NH 4 Cl, 5 mM KHCO 3 , 0.005 mM Na 2 EDTA, pH 7.4) for leukocyte isolation, and was then washed and resuspended at 10 6 cell/mL in phosphate buffered saline. The cell suspension was added to a microcentrifuge tube together with water extract for 1 h at 37 W C, to produce the following concentrations: 0.25, 0.50, 0.75, 1. (Table 2) . (without metabolic activation) ( Table 3) . The same samples, in the presence of metabolic activation (S9), showed no mutagenic activity, highlighting detoxifying activity of S9. 
Salmonella typhimurium reversion test
Micronucleus test in human lymphocytes
DISCUSSION
In Italy, the main source (ISTAT ) of drinking tap water is groundwater. Generally, this water is not subjected to purification treatments, due to its good quality resulting from filtration by permeable layers and by protection from The main indication obtained from the three assays carried out in this study is that the prevalent effect induced by water samples was cell toxicity, as indicated by the reduction of viability, the increase of GC, and by the The toxicological activity detected in our study could also be related to the occurrence in Italian water resources of emerging water pollutants such as endocrine disruptors, some pesticides, some pharmaceuticals and some azo-dyes and/or their metabolites (Meffe & de Bustamante ) . We can hypothesize that these pollutants could be detoxified by the disinfection processes. Some of these molecules, such as endocrine disrupting chemicals and pharmaceuticals and personal care products, seem to be degraded through advanced oxidation processes in water effluents (Esplugas et al. ) .
CONCLUSION
The methodological approach used, which involves a combination of chemical and physical analysis and a battery of bio-toxicological tests (with different molecular targets), has allowed the identification of a strong cytotoxic activity of concentrates of raw groundwater that result within the limits required by law. The disinfection processes, in particular the use of hypochlorite, induced an unexpected reduction of toxicity. More extensive studies are needed to identify groundwater micropollutants, single or in mixture, which can produce the toxicological effect detected in this study and that could represent a risk for human health.
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